Abstract One of the critical issues to be solved for HL-2M is the power exhaust. Divertor target plate geometry strongly influences the plasma profiles by controlling the neutral recycling pattern, which in turn has a strong effect on the symmetry and stability of the divertor plasma and finally on the whole edge region. The numerical simulation SOLPS5.0 package is used to design and explore the divertor target plates for HL-2M. We start with the choice of a proper target plate geometry, which has a smaller incidence angle in the permissible space, and then discuss the method of gas puffing to reduce the heat flux density on the target and the effects of gas puffing on the divertor plasma performance.
Introduction
As the upgrade of HL-2A (the first operational Hmodel in the world), HL-2M is designed to operate with a shaped plasma cross-section. The divertor should be designed to accommodate the heat load due to the high heating power during the first period of plasma operation. So, divertor design is one of the most difficult tasks. To assess divertor design, a detailed analysis and modeling of the edge plasma is necessary. The SOLPS5.0 [1, 2] package is a 2-D multi-fluid edge plasma code B2.5 combined with a Monte-Carlo neutral code EIRENE. It has become an important tool for divertor design of tokamaks, such as ITER [3∼5] , AUG [6] , EAST [7, 8] and HL-2A [9, 10] . The purpose of this work is to present an investigation strategy for the divertor of HL-2M. Through predicting the heat flux density on the targets, the method of gas puffing is devised to reduce the heat flux density on the target, and the effects of gas puffing on the divertor plasma performance are discussed. Simulation model and divertor geometry are described in section 2, simulation results are listed in section 3, and a summary is given at the end of the paper.
2 Simulation model and divertor targets geometry SOLPS5.0 package code, which is a basic tool for most ITER calculations, consists of a 2-D multi-fluid edge plasma code B2.5 for electrons and ions at various ionization states, combined with a Monte-Carlo code EIRENE for neutrals.
Tokamak plasma performance is generally improved with increasingly sophisticated shaping of the plasma cross section. The magneto-hydro-dynamic (MHD) equilibrium is generated by equilibrium code EFIT. The main plasma parameters are listed in Table 1 . It is the basis of the numerical grid generation for the SOLPS5.0 code package. The computational domain for the divertor investigation covers the whole SOL and the divertor. A small region of the plasma core periphery and the private flux region are also included. The whole computational domain is resolved into 96 poloidal divisions and 24 radial divisions. First, the simple flat plates which we called Divertor-I are used in HL-2M. The angle between the inner target plates and the separatrix surface is fixed at 90 degrees, and the angle between the outer target plates and the separatrix surface is also fixed at 90 degrees, which is also called "gasbag". Then the modified divertor geometry, in which we decrease the angles or incline the target plates, is formed with the smallest angles for flat plates, and the angles are 60 degrees no matter whether it is an inner or outer target plate, and which we called Divertor-II, as shown in Fig. 1. (a) Divertor-I, (b) Divertor-II Fig.1 The schematic of numerical grids, pump duct, gas puffing position and target plates configuration Only deuterium will be used as plasma species in the present work. The total edge power which flows into the SOL from the core is equally distributed into the electron and the ion channels. All classical drifts, electric currents and electric field can be handled by SOLPS5.0, but, in the present modeling drift terms are switched off for the first step while electric currents and electric field are included for all cases. Due to the lack of reliable physical models for the cross-field transport, it is appropriate to use this approximation with constant values, with the thermal diffusion coefficient χ i ⊥ = χ e ⊥ = 1.00 m 2 /s and the particle diffusivity coefficient D ⊥ = 0.40 m 2 /s. The particle recycling coefficient RECY CT is set to 1.00 for the divertor plasma facing components and the vacuum vessel wall except for the pump duct surface.
The pump duct is at the lower left 60 degrees of the weak magnetic field, as shown in Fig. 1 . The pumping speed equation is as follows:
Here, L is the pumping speed [m
, T is the temperature of the pumping particles [K] , m is the mass [AMU], RECY CT is the particle recycling coefficient. The width of the pump duct is 0.2 m. If we choose the temperature T = 300 K, the mass m = 2 (deuterium) and the particle recycling coefficient of the pump duct surface RECY CT =0.9, then the pumping speed L = 100 m 3 /s.
3 Simulation results
Heat flux comparison
The heat flux density on the target plates is an important characteristic for assessing the divertor target plates design. Fig. 2 and Fig. 3 are the radial profiles of the heat flux density on the outer and inner targets, respectively, when the mid-plane separatrix density is n e,sep = 2.3 × 10 19 /m 3 . Fig. 2 shows that the heat flux density profile on the outer target of Divertor-I likes normal distribution. The peak heat flux density on the outer target is 9.4 MW/m 2 , exceeding the engineering constraint of the heat load on the target (less than 5 MW/m 2 ). Simultaneously, the peak of heat flux density on the outer target is located near the separatrix (the horizontal coordinate equals zero). Fig. 3 shows that the inner target situation of Divertor-I is the same as that of the outer target, its peak heat flux density is 7.7 MW/m 2 , and also exceeds the engineering constraint. 
Modifying the divertor target with smaller incidence angle in the permissible space is a possible approach to reduce the heat load. So we design another divertor as Divertor-II, shown in Fig. 1(b) . From Fig. 2 and Fig. 3 we can get that the heat flux density on the inner target of Divertor-II is reduced, its peak heat flux density is 3.2 MW/m 2 , which is less than the engineering constraint level 5 MW/m 2 . The probable reason is that the inner target plate of Divertor-II accesses to the detachment regime. The small incidence angle reflects the recycling neutrals to the separatrix, due to the strong ionization sources from recycling neutrals and recombination sources, a plasma with high density and therefore low temperature is formed close to the target and the heat flux density is reduced much more.
Nonetheless, the heat flux density on the outer target is still very high, and the peak heat flux density is 8.6 MW/m 2 . Although the value is smaller than Divertor-I's, it still exceeds the engineering constraint. Additionally, modeling results show that here 25% of the edge power, 10 MW, flows to the first wall in both divertor configurations.
Effects of gas puffing
Further reduction of the heat load on the outer target is still needed in Divertor-II. To achieve this, we simulate the effects of an increment of the divertor gas puffing. The gas puff flux of deuterium from the outer divertor wall is given moderately, as shown in Fig. 1(b) . To estimate the effect of deuterium gas puffing on the divertor plasma condition and to obtain a heat flux density below 5 MW/m 2 , the gas puff flux is increased from 1.5 × 10 22 s −1 to 2.5 × 10 22 s −1 for the Divertor-II geometry. Fig. 4 shows the dependences on the gas puff flux of the heat flux density on the outer target. The results show that the heat flux density on the outer target decreases with an increase in the gas puff flux and then reaches 3.2 MW/m 2 at the gas puff flux of 2.5 × 10 22 s −1 . Fig. 5 shows the dependences on the gas puff flux of the electron temperature on the outer target. The electron temperature on outer target also decreases with an increase in the gas puff flux, and the value decreases from 265 eV to 7 eV. The electron temperature at the separatrix strike point on the target is almost constantly sustaining the detachment in the region. Besides, the peak temperature on the outside of the strike point is decreased exponentially with an accompanying change in the plasma condition. The divertor plasma becomes increasingly detached as the gas puff flux is raised. Exponential reduction of the electron temperature is important to the reduction of erosion by physical sputtering, which is increased as a strong positive function of the temperature [11] . In this way, a function of the gas puffing is shown for reducing the heat flux density and electron temperature on the outer target. Fig.4 Radial profiles of heat flux density on the outer target with gas puffing (color online) Fig.5 Radial profiles of electron temperature on the outer target with gas puffing (color online) Fig. 6 and Fig. 7 show the electron density contour map of the inner and outer divertor area with gas puff flux 2.5 × 10 22 s −1 or without gas puffing, respectively. Fig. 6(a) shows that the plasma density at the separatrix strike point of the inner target is already high without gas puffing. So in this case, the inner target has already accessed to detachment. Also Fig. 6(b) shows that the plasma density on the inner target with gas puff flux 2.5 × 10 22 s −1 becomes even higher than that without gas puffing. It increases nearly five times. It indicates that the gas puffing from the outer target area can influence the inner divertor performance and also enhance the detachment.
From Fig. 7(a) we conclude that the plasma density along the approximate magnetic flux surfaces keeps almost constant without gas puffing. In this situation, the outer target of Divertor-II is working in the linear mode. Plasma with low density and high temperature is formed near the target plate. The low density plasma decreases the ionization radiation loss. The lower radiation loss makes the electron and ion arrive at the target plate with higher temperature and high heat flux density. It confirms our preceding discussion. However, the plasma density near the target plate increases dramatically with the gas puffing, as shown in Fig. 7(b) . At gas puff flux 2.5×10 22 s −1 , the plasma density near the target plate increases about fifty times compared with the case without gas puffing. Due to the puffing of the neutral deuterium gas, these puffing neutral particles will increase the interaction with the plasma particles. The high density of ion and neutral particles near the target plate will increase the ionization radiation losses which will make the plasma temperature decrease to a lower level, thus resulting in the decrease of the ionization losses. These two trends will finally arrive at a balance. The plasma comes into a steady state with a higher plasma density and a lower temperature. As a lot of energy is lost due to frequent ionization, so the heat flux arriving at the target is reduced. 
Summary
One of the most challenging issues in the design of HL-2M is a divertor concept which provides a tolerable heat load on the target plates. In general design procedure the first step is the target plate geometry, which strongly influences the plasma profiles by controlling the neutral recycling pattern, which in turn has a strong influence on the stability of the divertor plasma and finally on the whole edge region. The Divertor-II with smaller incidence angle in the permissible space has a lower heat flux density on the inner target plate, which accesses to detachment. Although the heat flux density on the outer target is smaller than Divertor-I's, it still exceeds the allowable level.
In order to further reduce the heat load, we simulate the effect of an increment of the divertor gas puffing. The results of the heat flux density dependent on the gas puff flux show that the heat flux density on the outer target is reduced dramatically. The heat flux density of 8.6 MW/m 2 at the initial stage is reduced to an allowable level of 3.2 MW/m 2 . These indicate generally that a relatively large amount of gas puff flux is necessary to obtain a critical low heat flux density on the target plate. Therefore, concerning operational safety, it offers a better configuration to start with.
